piezometers) in six isolated plots. Results showed natural attenuation occurs on site 23 although the method does not directly differentiate between dilution and 24 denitrification. It was further investigated whether NO 3 -N concentration in shallow 25 groundwater (<5 m below ground level) generated from an agricultural point source 26 on a 4.2 ha site on a beef farm in SE Ireland could be predicted from saturated 27 hydraulic conductivity (K sat ) measurements, ground elevation (m Above Ordnance 28 Datum), elevation of groundwater sampling (screen opening interval) (m AOD) and 29 distance from a dirty water point pollution source. Tobit regression, using a 30 background concentration threshold of 2.6 mg NO 3 -N L -1 showed, when assessed 31 individually in a step wise procedure, K sat was significantly related to groundwater 32 NO 3 -N concentration. Distance of the point dirty water pollution source becomes 33 significant when included with K sat in the model. The model relationships show areas 34 with higher K sat values have less time for denitrification to occur, whereas lower K sat 35 values allow denitrification to occur. Areas with higher permeability transport greater 36 NO 3 -N fluxes to ground and surface waters. When the distribution of Clwas 37 examined by the model, K sat and ground elevation had the most explanatory power but 38 K sat was not significant pointing to dilution having an effect. Areas with low NO 3 39 concentration and unaffected Clconcentration points to denitrification, low NO 3 40 concentration and low Clchloride concentration points to dilution and combining 41 these findings allows areas of denitrification and dilution to be inferred. The effect of 42 denitrification is further supported as mean groundwater NO 3 -N was significantly 43 (P<0.05) related to groundwater N 2 /Ar ratio, redox potential (Eh), dissolved O 2 and 44 N 2 and was close to being significant with N 2 O (P=0.08). Calculating contaminant 45 mass flux across more than one control plane is a useful tool to monitor natural 46 attenuation. This tool allows the identification of hot spot areas where intervention 47 other than natural attenuation may be needed to protect receptors. 48 49 Keywords: nitrate; shallow groundwater; saturated hydraulic conductivity; 50 contaminant mass flux; denitrification; natural attenuation; Ireland; grassland. 51 52 1. INTRODUCTION 53 logistic regression using mean nutrient data (Gardner and Vogel., 2005; Kaown et al., 79 2007), weights of evidence modelling techniques (Masetti et al., 2008) , and ordinary 80 kriging methods (Hu et al., 2005) , have been used. Other tools, such as regression 81 models based on conceptual models, link shallow groundwater NO 3 -N concentration 82 with inventories such as landuse and cattle density (Boumans et al., 2008) . Other 83 techniques are employed when both spatial and temporal relationships are considered 84 such as the vulnerability of an aquifer to nitrate pollution through the use of 85 DRASTIC and GLEAMS models (Almasri, 2008; Leone et al., 2007) . Spatial and 86 temporal correlations of surface and groundwater were described using t-test analysis 87 to show that surface and groundwater management should be integrated (Kannel et 88 al., 2008) . Agri-environmental indicators (AEIs) provide information on 89 environmental as well as agronomic performance, which allows them to serve as 90 analytical instruments in research and provide thresholds for legislation purposes 91 The land surface around a well which contributes to the water quality at that well may 98 be calculated from: aquifer discharge (m 3 day -1 ), aquifer thickness (m) and effective 99 Darcian velocity (m day -1 ). This circular buffer zone contributes direct recharge to a 100 specific monitoring point, such as a borehole or piezometer (Kolpin, 1997) . The 101 circular shape is assumed to be homogenous according to its physical properties. If 102 groundwater flow direction is known, any pollution sources down-gradient of the 103 monitoring point may be discounted. The size of the buffer zone is an important 104 factor and many studies have used different buffer zone radii: (Eckhardt et al., 1995 2004; Kubert et al., 2006) . This method allows a quantifiable load of NO 3 -N leaving a 119 system to be calculated, rather than focusing on a point where shallow groundwater 120 exceeds target or legislative concentration limits such as 11.3 mg NO 3 -N l -1 . 121 122 Traditional source treatment assessment has focused on the pollution source zone, 123 partial mass removal and the calculation of the source strength (contaminant mass 124 discharge and mass flux). Contaminant plume properties are a combination of source 125 strength, assimilative capacity (differential mass discharge with distance along a 126 plume) and time. This procedure is based on the assumption that source treatment 127 results in a contaminant mass reduction in the source zone. It gives an incomplete 128 view of potential impacts and there is uncertainty regarding the plume response to 129 partial mass removal (source treatment). Risk reduction is, therefore, uncertain and 130 the associated costs are difficult to ascertain (Jarsjö et al., 2005) . The source strength 131 is calculated from groundwater samples, taken at specified time intervals, and the 132 water flow velocity calculated for each well. These data are then inputted into 133 predictive models and the down-gradient concentration in a sentinel well is predicted. (dilution and denitrification) may be achieved by the use of two control planes: a 146 control plane to calculate contaminant mass flux (influent) and a compliance plane 147 down-gradient (Kao et al., 2001) . Flux-averaged concentrations along the compliance 148 plane must adhere to specified water quality targets. 149
The aim of this study was to investigate the factors contributing to the occurrence of 150 elevated NO 3 -N concentration in shallow groundwater (<10 m) on a section of a beef 151 farm in SE Ireland. A statistical framework, combining mean geochemical and 152 physical data (saturated hydraulic conductivity (K sat ) measurements, ground elevation 153 (m Above Ordnance Datum), elevation of groundwater sampling (screen opening 154 interval) (m AOD) and distance from point pollution source (m)) from a grid of 17 155 piezometers over a 2 year period, was used to identify factors affecting the occurrence 156 of NO 3 -N concentration on site. 157
The contaminant mass flux entering and leaving the site is also assessed through rows 158 of piezometers called control planes to assess the amount of natural attenuation due to 159 dilution and denitrification combined on site. To differentiate between dilution and 160 denitrification occurrence on site chloride (Cl -) was also inputted into the model and 161 Textural changes are not due to pedolocical processes but to small scale sorting of 202 glacial till. It is this transition between sand and clay that governs K sat heterogeneity at 203 depth. Subsoils with a high percentage of fines (clay and silt) are classed as having 204 low permeability, poorly sorted subsoils are assigned as having moderate permeability 205 and well sorted coarse grained subsoils (glaciofluvial sand and gravel) have high 206 permeability (Swartz et al., 1999) . 
MONITORING ON SITE 230
Partially penetrating piezometers (n=17) (25 mm LDPE casing; Van Walt Ltd, Surrey, 231 U.K.) were installed in a grid to shallow groundwater of multilevel depths using 232 rotary drilling (60 mm) (Giddings soil excavation rig, Colorado, USA) to several 233 metres below the groundwater table. The average piezometer drilling depth was 3.2 m 234 bgl (Table 3) 
where R n is the net radiation at the crop surface (m -2 day -1 ), T is the air temperature at 275 a 2 m height (ºC), u 2 is the wind speed at a 2 m height (m s -1 ), e s and e a are the 276 saturation and the actual vapour pressure curves (kPa ºC -1 ), and γ is the psychrometric 277 constant (kPa ºC -1 ). ET 0 was then converted to actual evapotranspiration (Ae) using an 278 Aslyng scale recalibrated for Irish conditions (Schulte et al., 2005) . Effective rainfall 279 was calculated by subtracting daily actual evapotranspiration from daily rainfall 280 (assuming no overland flow losses due to the high infiltration capacity of the soil on 281 this site). Higher K sat zones were found in the topsoil, even in the poorly drained plot. 282 where r c is radius of the unscreened part of the well where the head is rising, r w is the 300 horizontal distance from the well centre to the undisturbed aquifer, R e is the radial 301 distance over which the difference in head, h o , is dissipated in the flow system of the 302 aquifer, d is the length of the well screen, h o is the head in the well before the start of 303 the test and h t is the head in the well at time t>t o . 304
305
As the wells on site are partially penetrating, the following equation was used: 306
where b is the distance from the watertable height to the bottom of the well, D is the 308 distance from the watertable to the impermeable zone, and A and B are dimensionless 309 parameters, which are function of d/r w . If D>>b, the effective upper limit of ln [(D-310 b)/r w ] may be set to 6. A spatial K sat map was developed in ArcGIS TM and merged 311 with well location and groundwater head input files. b is measured by an electronic 312 dipper before commencement of the slug test. 313 314
DISCHARGE AND DARCIAN VELOCITY 315
The quantity of water discharging from each plot (a known width of aquifer), Q (m 3 316 day -1 ), was determined using (Darcy, 1856) : 317
where A = bw, where b is the aquifer thickness (m), w, the width (m), and dh/dx is the 319 hydraulic gradient. w is taken as the combined diameter of the plots. 320
321
The average effective Darcian linear velocity, v (m day -1 ), was calculated from: 322
where v is equal to Q/A, and n is effective porosity calculated in a previous study by 324 (Fenton et al., 2008) 
where w is total mass flux across a control plane (g m 3 day -1 ), C i concentration of 360 constituent in ith plot (g l -1 ), q i is specific discharge in ith plot (m day -1 ) and A i is area 361 of ith plot (m 2 ). Within the plots, three control planes were assigned using the top (3, The effects on groundwater NO 3 -N concentration of K sat (m day -1 ), elevation, screen 376 opening elevation and distance from pollution source were assessed using a Tobit 377 regression model (Tobin, 1958) . The NO 3 -N concentration was left censored using a 378 background concentration threshold of 2.6 mg L -1 . Model selection was performed 379 using a forward selection stepwise procedure. Due to the grid layout of the 380 piezometers, residuals could not be assumed to be independent and their spatial 381 dependence was modeled using an anisotropic power covariance structure. The 382 anisotropic power correlation model depends on two parameters: one that represents 383 the correlation between piezometers in the direction of rows and the other that 384 represents the correlation in the direction of columns. Models were fitted using the 385 MIXED procedure (SAS, 2003) . To separate the effect of groundwater NO 3 -N 386 denitrification from dilution, groundwater NO 3 -N retention is studied by evaluating 387 concurrently groundwater NO 3 -N and Clconcentration (Altman et al., 1995) . To 388 investigate the effect of dilution on the study area Clwas also inputted into the 389 model. Clis considered a conservative tracer. 390 391
DENITRIFICATION 392
Denitrification is considered the most important reaction for NO 3 remediation in 393 aquifers. The process of denitrification occurs in O 2 depleted layers with available 394 electron donors and in agricultural environments with N nutrient losses considerable 395 NO 3 reduction is possible. To investigate further if denitrification is a viable pathway 396 for NO 3 reduction some additional water quality measurements were taken on a 397 random date. Physio-chemical parameters-pH, redox potential (Eh (mV)), 398 conductivity (cond (µS cm -1 )), temperature (temp (ºC)) and rugged dissolved oxygen 399 (RDO (µg L -1 )) were measured in the field using a multi parameter Troll 9500 probe 400 (In-situ, Colorado, U.S.A) with a flow through cell. 401
To elucidate the locations of potential denitrification during groundwater sampling 402 based on dissolved N 2 and the N 2 /Ar ratio, three water samples were taken from each 403 piezometer mid way within the screened interval using a 50 ml syringe and gas 404 impermeable tubing. Samples were transferred from the syringe to a 12 ml 405 Exetainer® (Labco Ltd, UK) and sealed to avoid any air entrapment with a butyl 406 rubber septum. Samples were then placed under water in an ice box, transported to 407 laboratory and kept in a cold room at 4 o C prior to analysis. Dissolved N 2 , O 2 and Ar 408 were analyzed using a Membrane Inlet Mass Spectrometry (MIMS) at the temperature 409 measured (11 o C) during groundwater sampling (Kana et al. 1994) . For N 2 O 410 concentration, three additional samples were taken in glass bottles for degassing. 411
Eighty ml collected water was injected into a pre-evacuated 160 ml serum bottle 412 followed by 80 ml pure helium. The bottles were shaken for 5 minutes and then 15 ml 413 equilibrated gas in the headspace was collected using an air-tight syringe and 414 transferred into a 12 ml Exetainer for the analysis of dissolved N 2 O using a gas 415 chromatography (GC; Varian 3800, USA) equipped with electron capture detector. 416
The concentration of dissolved N 2 O was calculated by using the Henry's law constant, 417 the concentration of the gas in the head space, the bottle volume, and the temperature 418 of the sample but the lowest 14 o C was taken due to limitation in gas solubility 419 coefficient to calculate Henry's law constant (Hudson, 2004) . 420 3 RESULTS 421
NUTRIENT MANAGEMENT 422
In 2006 as in previous years after the point source was removed, the sandhill area, the 423 northwest area and the isolated plots received the same N application (Table 1) It was assumed that all of this direct recharge reached the watertable as the rainfall 455 intensity is generally lower than the soil infiltration capacity. Model output showed 456 effective drainage occurred on 87 and 74 days, giving an average recharge rate of 5.5 457 and 4.5 mm day -1 , respectively. Cumulative drainage for both years is presented in 458 The contaminant mass fluxes calculated for three control planes are presented in Table  489 2. Influent contaminant mass flux through the upper control plane cells ranged from 490 0.0008 to 0.0016 g N m 3 day -1 and the contaminant mass fluxes leaving the site at the 491 compliance plane ranged from 0.00001 to 0. Selected piezometer parameters are presented in Table 3 . In each step of the 509 procedure, a series of regressions are fitted (Table 4) in Table 5 . The model describes the relationship between mean groundwater NO 3 -N 524 concentration and the explanatory variables K sat and distance from pollution source. 525
The percentage variation explained by different factors is presented in Table 6 . 526 527 Dilution due to recharge occurred for all piezometers within the contamination plume 528 on site (NO 3 -N/Clratio), but at the same rate for each piezometer. Therefore, dilution 529 did not account for differences in NO 3 -N concentration within the contamination 530 plume. Therefore, diffuse pollution due to fertiliser application within the field site 531 may be discounted. A two-layered conceptual model represents a shallow zone of 532 higher K sat ≥ 0.01 m day -1 with higher NO 3 -N concentrations and a deeper low K sat 533 zone < 0.01 m day -1 with lower NO 3 -N concentrations. In the shallow layer, K sat 534 values ranged from 0.01 -0.016 m day -1 but were not consistent with depth, 535 indicating heterogeneity. 536 537
DILUTION AND DENITRIFICATION DIFFERENTIATION 538
In some locations the Clconcentration is representative of natural background levels 539 (NBL). In Ireland groundwater has a median NBL of 18 mg L -1 . Some points 540 therefore were not included in the regression process. Plots 1, 2, 4, 5 and 6 have the 541 highest ratio in the top of the plots nearest the source but standard deviation shows 542 some change over time (Table 3) . 543
544
The model was run a second time to explain Cloccurrence using the same parameters 545 as before. Here K sat and ground elevation have the greatest explanatory power but K sat 546 is not significant. As shown previously, NO 3 -N occurrence in the same piezometers 547 was explained by K sat and distance from the dirty water point pollution source 548 pollution, while both being significant. Due to the fact that K sat influences NO 3 -N 549 occurrence but not Cloccurrence denitrification can be inferred. But distances from 550 the dirty water source and ground elevation are linked due to the nature of the sloped 551 site and therefore dilution is a factor for Cloccurrence. In general on site: 552  Low NO 3 concentration and unaffected Cl-concentration points to 553 denitrification ( Figure 5a To further elucidate the effect of groundwater denitrification on NO 3 -N occurrence on 564 the site, dissolved gases and physiochemical properties of groundwater collected on a 565 random date were determined and related to the mean groundwater NO 3 -N 566 concentration during the study. Average groundwater NO 3 -N was significantly 567 (P<0.05) related to groundwater N 2 /Ar ratio, redox potential (Eh), dissolved O 2 and 568 N 2 and was close to being significant with dissolved N 2 O concentration (P=0.08) 569 (Table 7) . Based on the AIC score N 2 /Ar ratio and redox potential (Eh) were the best 570 fitting models of groundwater NO 3 -N occurrence. The higher ratio of N 2 /Ar directly 571 indicates that denitrification is occurring on the site (Figure 5d ) and that lower redox 572 potentials and dissolved oxygen are related to lower groundwater NO 3 -N occurrence 573 (Table 7) . The model describes the relationship between mean groundwater NO 3 -N 593 concentration and the explanatory variables K sat and distance of the piezometers from 594 the point pollution source. To account for bias due to the distance of each piezometer 595 within the grid pattern from the pollution source, the spatial dependence of residuals 596 was modelled using an anisotropic power covariance structure. Higher K sat zones in 597 the subsurface allow faster migration of contaminated groundwater, resulting in 598 shorter retention time. The shorter retention time in the high K sat zone decreases the 599 opportunity for denitrification to occur. Lateral flow in higher K sat layers may result 600 in surface water pollution. The opposite is true of lower K sat zones, where a longer 601 retention time is available for denitrification to occur. This is why low NO 3 -N 602 concentrations may be present at the plume centroid. In elevated areas, the watertable 603 mirrors topography and has a greater hydraulic gradient and higher K sat values. 604 605 Groundwater NO 3 -N occurrence was statistically related to topsoil denitrifying 606 enzyme activity, topsoil inorganic N content, depth to water table and a stronger 607 relationship was observed with vadose zone permeability . The 608 effect of vadose zone permeability on groundwater NO 3 -N distribution was 609 recognised by (Vellidis et al., 1996) who observed low N leaching associated with low 610 subsoil permeability and (Hansen et al., 1996) observed high N leaching with high 611 subsoil permeability. (Richards et al., 2005) observed lower groundwater NO 3 -N 612 occurrence in deeper wells with clay soils with no cropland nearby but they could not 613 separate the effect of K sat from landuse or well depth. In Ireland (Ryan et al., 1996) in Irish subsoils, (Fitzsimons et al., 2006) classified Irish till permeability as being 646 highly permeable K sat =10 m day -1 , moderately permeable when K sat = 0.004 to 0.009 647 m day -1 and low permeability (clay content >13%) when K sat = 0.0004 to 0.0009 m 648 day -1 . Mean plot K sat values on site range from 0.008 -0.01 m day -1 . This suggests 649 further classification may be needed from moderate to highly permeable classes. Table 4 . Details of the stepwise procedure used to select the explanatory variables of importance in the relationship between mean groundwater NO 3 -N concentration and hydrogeological factors. Model containing K sat and distance from point source is chosen as the final model.
Step 1 Include all variables individually in model
Step Table 7 . Relationships between dissolved groundwater gases, redox potential (Eh) and average NO 3 -N. Each parameter is regressed in turn against average NO 3 -N. The spatial structure on the variance covariance matrix is as described for the stepwise regression. 
